Abstract. Malignant glioma is a clinically formidable disease. It commonly leads to death within 5 years after diagnosis. Physicians are often baffled since the inevitable diffuse invasion deteriorates clinical outcomes rapidly. Therefore, cancerous infiltration presents a foremost challenge to all therapeutic strategies on glioblastoma multiforme (GBM). Previously, we demonstrated that nicotinic acid (NA) possesses a brand new function by targeting F-actin stress fibers. By treating HEK293 or NIH3T3 cells with a certain concentration of NA, the F-actin stress fiber was significantly disassembled. This notable finding inspired us to explore NA further in cancer cell lines, such as GBM cells, since F-actin stress fibers are the critical foundation of cell migration, proliferation and numerous essential signaling pathways. Expectedly, we observed that optimized concentrations of NA, 3.5 mM and 7.0 mM, detached U251 from culturing petri dishes. Moreover, 7.0 mM of NA was capable of disrupting the leading-edge assembly. Additionally, we collected paraffin specimens from 85 GBM patients and evaluated the expression pattern of paxillin. Notably, we found that discernable paxillin signals were detected in 67 out of 85 samples. Given that leading edge is critical for cancer cell migration, we propose that NA treatment may be developed into a potential therapy for malignant glioma.
Introduction
Malignant glioma is a type of tumor that is derived from the glial cells in the nervous system. Patients commonly succumb to this deadly disease within 5 years upon being diagnosed (1) .
Glioma is classified into 4 pathological grades according to the World Health Organization (WHO). Among them, grade IV, also called glioblastoma multiforme (GBM), is recognized clinically as the most frequent and malignant category (2) . Currently, therapeutic strategies involve 3 approaches, which consist of maximal tolerable surgical resection paired with radiation and chemotherapy. The combination of these therapies is capable of adding only months of additional survival. The diffuse invasion of tumor cells into the surrounding brain tissues imparts the major challenge for therapy. Although early radical surgical interventions attempt to remove the entire affected brain hemisphere, patients are usually subjugated to cancer cells that have crossed into the other hemisphere (3) . Even now, with advanced microsurgical techniques, recurrence is still often inevitable. Glioma typically reoccurs within 1-2 cm of the primary tumor (4) . Hence, a primary challenge is to prevent tumor cells from uncontrolled delamination and infiltration into other brain regions.
Cell migration is a finely tuned biological process that requires an elaborately assembled leading edge and dynamic interaction between the migrating cell and the extracellular matrix (ECM) (5) . Actin-myosin molecular motors exert the main contractile stress and in particular, myosin II plays an important role in glioma invasion (6) . Normally, sturdy cell attachments prevent cells from detaching and emigrating. These cell attachments are mediated by cell-cell and cell-matrix receptors, such as integrins, cadherins and neural cell adhesion molecules. Detachment of those cells entails the activation of proteases, such as matrix metalloproteinases, which dissociate tumor cells from the neighboring environment (cells and ECM) (7) (8) (9) . Consequently, this promotes dynamic alterations of actin and adhesion at the cell membrane, and activation of respective downstream signaling pathways that govern adhesion and migration.
Nicotinic acid (NA), a member of the vitamin B family, is well known for its functions in the treatment and prevention of atherosclerosis. NA is one of the most effective agents capable of offering protection against cardiovascular risk factors by increasing high density lipoprotein (HDL) levels, while simultaneously decreasing very low density lipoprotein (VLDL) and low density lipoprotein (LDL) levels (10) . Moreover, NA has been ascertained to function by downregulating intracellular cyclic adenosine monophosphate (cAMP), the major intracellular mediator of prolipolytic stimuli, and subsequently decreasing cellular levels of free fatty (11) . Notably, another study recently indicated that NA is also able to boost intracellular calcium compartmentalization. Moreover, it further disclosed that a high concentration of NA (50 mM) is able to co-activate TRPV1-4 transducing calcium. Concomitantly, we demonstrated that NA over 30 mM is able to markedly disassemble the cytoskeleton and lead to the depigmentation of the Xenopus embryo (12) (13) (14) . Given the crucial function of cytoskeletal stress fibers in cell migration, our discovery of the de novo biological function of NA warrants a further investigation into daunting GBM. We initially examined distinct gradients of NA on the malignant glioblastoma cell line U251. Expectedly, we determined that both 3.5 and 7.0 mM of NA were able to detach U251 from culture dishes. Next we investigated F-actin and β-tubulin cellular patterns and found that 7.0 mM of NA treatment specifically abrogated the stress fiber distribution of the cytoskeleton. Supplementation with extra ECM molecules such as collagen, gelatin, poly-L-ornithine and laminin in 7.0 mM were unable to restore cellular stress in comparison to supplementation in phosphate-buffered saline (PBS)-treated U251 cells. This implies that 7 mM of NA probably modulates cytoskeletal stress via a specific biological process instead of non-specific biological toxicity. Based on these data, we propose that NA treatment may be developed into an effective therapeutic method for malignant glioma.
Nicotinic acid impairs assembly of leading edge in glioma cells

Materials and methods
Sources and maintenance of cells. u251 glioblastoma cell were provided by the Cell Bank of Type Culture Collection of Chinese Academy of Sciences (Shanghai, China). U251 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (both from HyClone, Logan, UT, USA). Primary mouse neurons and glia were isolated from the brains of 13-15 day-old fetal ICR mice (Jackson Laboratory, Bar Harbor, ME, USA).
Primary mouse neuron/glia culture. Primary mouse neurons and glia cells were isolated from the brain of fetal ICR mice 13-15 days old. The primary mouse neurons were cultured in neurobasal media supplemented with 2% B27 (both from Invitrogen), 0.5 mM glutamine and 25 µM glutamate (both from Sigma). The primary glia cells were cultured in the DMEM supplemented with 10% FBS. All cell lines were incubated at 37.5̊C with 5% CO 2 .
Cell viability assays. The MTT assays were carried out as described to determine the viability of U251 cells as well as normal glia and neurons (15) . To perform this, cells were cultured in 96-well plates with 1 mg/ml of MTT (Amresco, LLC, Solon, OH, USA) for 4 h. The medium was then carefully aspirated, and 100 µl of dimethyl sulfoxide (DMSO) was added to each well to dissolve the MTT formazan crystals. The optical density was assessed at 570 nm with an iMark microplate absorbance reader (Bio-Rad, Hercules, CA, USA).
Immunocytochemistry. U251 cells were cultured on Lab-Tek chamber slides (Sigma-Aldrich). After treatment with PBS or NA, the cells were fixed with 4% paraformaldehyde and permeabilized with 0.4% Triton X-100 at room temperature.
The cells were then blocked with bovine serum albumin (5%; Amresco) and incubated with a primary antibody at 4̊C overnight. Primary antibodies used were: β-tubulin (1:400; 556321; BD Transduction Laboratories™, San Jose, CA, USA), p-paxillin (1:200; 44-720G), paxillin (1:200; AHO0492), p-cortactin (1:400; 44-856) (all from Invitrogen), myosin IIA (M8064; 1:100; Sigma-Aldrich). The cells were subsequently incubated with PE or FITC-conjugated secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at room temperature, and labeled with DAPI (Sigma-Aldrich) to identify cell nuclei (16) . F-actin stress fibers were labeled with rhodamine phalloidin (5 U/ml; R415; Invitrogen Life Technologies) in PBS for 15 min at room temperature as previously described (12) . Fluorescence was detected using an Olympus IX81S1F-3 laser confocal scanning microscope (Olympus, Tokyo, Japan).
Western blotting. Western blot analyses for whole-cell lysates were performed using the following primary antibodies: paxillin (1:4,000), p-paxillin (1:5,000). Detection was carried out using HRP-conjugated secondary antibodies and an enhanced chemiluminescence substrate (GE Healthcare, Piscataway, NJ, USA). Membranes were stripped and reblotted for β-actin (1:1,000; A5316; Sigma-Aldrich) as a loading control.
RT-PCR.
The mRNA levels of target genes were analyzed using semi-quantitative RT-PCR. Total RNA was extracted from U251 cells with an RNA Simple Total RNA kit (Tiangen, Beijing, China), and reverse transcription was performed using the M-MLV First Strand kit (Invitrogen). Reverse transcription products were then amplified by PCR using the HotStart Taq Master Mix kit (Tiangen). Following a 'hot start' at 95̊C for 3 min, the samples were cycled at 95̊C for 30 sec, 55̊C for 30 sec, and 72̊C for 20 sec. The total number of cycles used were: 21 cycles for paxillin and 20 cycles for GAPDH. RT-qPCR was carried out with the SYBR-Green Master Mix (Thermo Fisher Scientific, Inc., Waltham, MA, USA), and samples were analyzed using a QuantStudio™ 7 Flex RealTime PCR System. Following a 'hot start' at 50̊C for 2 min and 95̊C for 10 min, the samples were then cycled at 95̊C for 10 min, 60̊C for 30 sec, and 72̊C for 30 sec for 40 cycles. The samples were then given a final 5 min extension at 72̊C. Primers used for PCR were: 5'-CTGCTGGAACTGAACGCT GTA-3' (forward) and 5'-GGGGCTGTTAGTCTCTGGGA-3' (reverse) for paxillin, and 5'-TGTGGGCATCAATGGATTT GG-3' (forward) and 5'-ACACCATGTATTCCGGGTCAAT-3' (reverse) for GAPDH.
Sample collection and ethics statement. All paraffin GBM samples were collected from the Affiliated Hospital of KMUST, Medical Faculty of Kunming University of Science and Technology (Kunming, China). All specimens had confirmed pathological diagnosis and were classified according to the WhO criteria.
Since these clinical materials were for research purposes only, we obtained written informed consent forms from all patients, directly. Prior consent from all patients and approval from the Ethics Committee at the Affiliated Hospital of Kunming University of Science and Technology were obtained.
Methods involving live animals were carried out in accordance with the guidelines and regulations enacted and enforced by the Chinese National Ministry of Science and Technology as well as the National Ministry of Health. All experimental protocols were approved by the Institutional Laboratory Animal Ethics Committee at Kunming University of Science and Technology.
Results
Overnight treatment of U251 cells with NA causes detachment and decreased viability.
We have previously reported that NA is able to modify cytoskeletal structures in 3T3 cells (12) . To assess whether NA has any potential effects on malignant glioma, we carried out overnight (12-h) treatment of cultured U251 GBM cells with various concentrations of NA. As shown in Fig. 1A -D, while PBS had some effect, incubation in NA lifted U251 cells from the culture dishes, and cells treated with 7.0 mM of NA detached more markedly than cells treated with 3.5 mM of NA. The detached cells remained adhered to each other to form sheet-like structures ( Fig. 1L and M) . Notably, 7.0 mM of NA had less impact on primary mouse glia and neurons as compared with the U251 cells ( Fig. 1E-H) , suggesting that the molecular target(s) of NA are abundant in GBM cells but not in primary glia or neurons.
We next employed an MTT assay and found that increasing concentrations (3.5, 7.0 and 14.0 mM) of NA decreased the viability of U251 cells in a dose-dependent manner (Fig. 1I) . Likewise, a dose-dependent decrease in the viability of primary glia was observed for NA, but the effect was weaker than on U251 cells and was insignificant at 3.5 mM (Fig. 1J) . The similar response to NA between U251 cells and normal glia could be explained by the fact that glioma cells are derived from glia and therefore share some common biological background (17) . Conversely, the viability of primary neurons was only decreased by 14.0 mM, but not by lower dosages (3.5 and 7.0 mM) of NA (Fig. 1K) . Hence, by carefully titrating the concentration of NA, it is possible to obtain an optimal dosage at which NA selectively targets glioma cells while sparing most normal glia and neurons.
Short-term treatment of U251 cells with NA alters cytoskeletal structures. Given that overnight incubation of NA completely detaches U251 cells from the petri dish, it was necessary to cut down the time frame in order to capture the initial event. Thus we shortened the culturing time from 12 to 4 h since the U251 cells were still attached. That said, 14.0 mM of NA greatly decreased the attachment of u251 cells, and tethered cells assembled (Fig. 2J-L) . With gentle shakes the tethered cells detached. Again utilizing the 4-h culture time, F-actin and β-tubulin staining revealed, particularly in 7.0 mM of NA treatment, that F-actin fibers were disoriented and entangled close to the plasma membrane (Fig. 2G-I) . Likewise, β-tubulin fibers lack tension and are loosely arranged. Although 3.5 mM of NA has a relatively minor effect on cytoskeletal stress, there were still discernable kinks in the F-actin fibers close to the plasma membrane (Fig. 2D-F) . NA treatment is detrimental to cell-matrix adhesion probably due to either abrogation of components within the ECM or integrin adhesome disruption or both, since the tension exerted on adhesions requires the integrity of both ECM and integrin adhesome (18, 19) .
Compensation of ECM components failed to restore the tension of actin fibers. The short-term effects on cytoskeletal structures and cell detachment caused by prolonged treatment, suggest that NA inhibits the adhesion of U251 cells to the matrix. In vivo, cell-matrix adhesion depends on ECM components, in particular fibrous proteins (such as collagens, fibronectins and laminins) and proteoglycans (such as chondroitin sulphate, heparan sulphate, keratan sulphate and hyaluronic acid) that are synthesized locally and meshed into an organized structure to form the fundamental framework for many tissues (20) . In the context of cancer biology, increased deposition of ECM has been associated with higher mortality in cancer patients due to increased invasion and metastasis (21) . It is therefore important to test whether NA also affects cell adhesion on ECM components. To do this, U251 cells were cultured on petri dishes that were pre-coated with additional collagen (Fig. 3A-F) , gelatin (Fig. 3G-L) , poly-Lornithine ( Fig. 3M-R) or laminin (Fig. 3S-X) , allowed to attach, and subsequently treated with 7.0 mM of NA for 4 h. Similar to what we observed previously with the unsupplemented plates, U251 cells that were cultured on plates coated with various ECM components also exhibited disoriented F-actin fibers that entangled close to plasma membrane (Fig. 3A-X) . These results suggest that NA interferes with the ability of U251 cells to adhere to the ECM from an intracellular aspect, rather than directly targeting the ECM.
NA impedes the assembly of leading edge. Phosphorylation of paxillin is known to play pivotal roles in the rearrangement of the actin cytoskeletal network at focal adhesion sites, and can serve as an important indicator for active cell migration (22) . Our immunocytochemistry and western blot results revealed that U251 cells treated with 7.0 mM NA for 4 h had significantly decreased levels of phosphorylated paxillin (p-paxillin) and total paxillin when compared with untreated cells (Fig. 4A-G) . In agreement with these findings, western blot analyses revealed a dose-dependent decrease of both total and phosphorylated paxillin levels upon treatment with 3.5 and 7.0 mM of NA (Fig. 4G) . However, mRNA levels of paxillin were unaffected (Fig. 4H) , suggesting that NA downregulates paxillin post-transcriptionally. Phosphorylation of tyrosine residues in cortactin has also been shown to regulate focal adhesion turnover and cell migration (23, 24) , while myosin IIA generates the major contractile forces by pulling on actin stress fibers at the trailing end of migrating cells (25) (26) (27) . We found that in U251 cells incubated in 7.0 mM of NA for 4 h, phosphorylated cortactin (p-cortactin) markedly decreased (Fig. 5A-F) , and myosin IIA dissociated from F-actin stress fibers (Fig. 5G-L) . Based on these data, we conclude that short-term NA treatment can disrupt focal adhesion assembly in U251 cells. In vivo, such disruption could lead to the inhibition of glioma cell migration by preventing firm attachment to the ECM.
Paxillin is expressed in specimens of GBM. Οur immunocytochemistry and western blot analysis results showed that 4 h of treatment with 7.0 mM NA significantly decreased the levels of phosphorylated paxillin (p-paxillin) and total paxillin in U251 cells in comparison to untreated U251 cells (Fig. 4A-G) . This indicates that paxillin is expressed in U251 cells and is a target of NA. We therefore investigated the expression pattern of paxillin in specimens of GBM.
We collected specimens from 85 GBM patients (Fig. 6A) . Interestingly, by immunostaining, we found that paxillin was expressed in 67 samples out of a total of 85 specimens (Fig. 6B-E) . This corroborates that paxillin is expressed in GBM, and the findings support further investigations into NA as a potential therapy for malignant glioma.
Discussion
Although NA and its derivatives have been intensively studied for decades, new functions and mechanisms of action for them continue to emerge. For example, nicotinamide, the amide of NA that has the same vitamin functions, was shown to block proliferation and induce apoptosis of chronic lymphocytic leukemia (CLL) cells (28) . Recently, we reported that treatment of 3T3 cells with NA leads to dynamic changes in intracellular calcium concentration and disassembly of the cytoskeletal structures (12) . These observations prompted us to test whether NA has any effects on malignant glioma cells, which are known for their high invasive activity. We found that NA had marked effects on assembly of leading edge and cell-matrix adhesion, which suggests roles in the inhibition of glioma cell invasion. These results revealed a novel function of NA in the regulation of tumor cell migration, and set the stage for testing NA as a potential therapy for malignant glioma.
When applied overnight, NA causes detachment and decreased viability of the U251 GBM cells, effects that appear to be selective for U251 cells over normal neurons and glia (Fig. 1) . Although the molecular basis for this selectivity remains unknown, our subsequent study revealed that cell death caused by NA is due to activation of the apoptotic pathway (Yang et al, unpublished data) . Notably, nicotinamide has been shown to induce apoptosis in CLL cells by regulation of the sirtuin SIRT1 (28) . Since SIRT1 also plays important roles in the apoptosis of malignant glioma cells (29) , it may be of interest to investigate whether and how NA affects sirtuins and their downstream targets such as p53 (30, 31) .
Unlike overnight treatment, short-term incubation of U251 cells in NA does not cause any detectable cell death, but instead impairs assembly of leading edge and inhibits cell-ECM interactions. The decrease in cell-matrix interaction is manifested by disrupting cytoskeletal structures and focal adhesion assembly. Similar to what we observed previously in 3T3 cells, NA treatment modifies F-actin and β-tubulin filaments in a dose-dependent response that correlates well with an increase in the intracellular calcium level. However, direct treatment of 3T3 cells with CaCl 2 alters the structures of F-actin stress fibers but not microtubules (12) , suggesting that the effect of NA on microtubules is independent of or less sensitive to the increased calcium levels. In line with the latter possibility, 3.5 mM of NA induces subtle modifications of F-actin stress fibers, but has no detectable effect on microtubules, whereas 7.0 mM of NA is able to remodel both structures (Fig. 2D-I ). By contrast, 3.5 mM of NA is sufficient to cause a marked decrease in the protein level of paxillin (Fig. 4G) . Therefore, the disrupted focal adhesion assembly likely precedes and probably causes the alterations in the cytoskeletal structure, consistent with previous studies showing that integrin-mediated cell-matrix adhesion is important for the maintenance of both F-actin and microtubule filaments (19, 32) .
Short-term treatment with 7 mM of NA results in extensive disruption of focal adhesion assembly, as indicated by markedly diminished paxillin and p-cortactin as well as mislocalized myosin IIA. In particular, paxillin protein is almost completely lost (Fig. 4E-G) . However, paxillin mRNA remains essentially unchanged (Fig. 4H) , suggesting an efficient post-transcriptional regulation by NA. One possible explanation for these phenomena is the cleavage of paxillin by calpains, the calcium-activated proteases, which have been demonstrated to interfere with focal adhesion assembly and cell migration (19, 33) . Indeed, we observed a dose-dependent increase of calpain activity in U251 cells treated with 3.5 and 7.0 mM of NA (Yang et al, unpublished data). Thus, paxillin is possibly an important effector that mediates NA-induced inhibition of cell-matrix interaction. To test this hypothesis, we attempted to rescue the effects caused by NA by transfecting U251 cells with a plasmid that encodes paxillin. However, although the mRNA of exogenous paxillin was expressed at high levels (Fig. 4I ), we were unable to detect any paxillin protein in transfected cells upon NA treatment (data not shown). This is in line with our observation that paxillin is effectively and post-transcriptionally downregulated by NA. Future efforts may be focused on targeting the turnover of paxillin protein, such as by blocking calpain activity. Additionally, we collected specimens from 85 GBM patients and evaluated the expression pattern of paxillin. Notably, we found that paxillin was expressed in 67 samples out of a total of 85 specimens (Fig. 6A-E) .
Although this result is preliminary, it is an encouraging first step towards testing NA as a potential therapy for malignant glioma in an animal model. Since NA is widely used as an antidyslipidemic drug, the abundant clinical data that are available may greatly facilitate the trials of this vitamin in other diseases such as cancer. It should be noted, though, that we are still facing some challenges when exploring the clinical applications of NA. First of all, the mechanisms of action for NA have not been fully elucidated. In particular, it is not clear how NA is metabolized and how signals in the cells trigger the intracellular calcium spike. To this end we are investigating whether nicotinamide, which has the same vitamin function as NA but no lipid-regulating activity (34) , can mimic NA in affecting cell-cell and cell-matrix adhesion. It also remains to be determined whether the cell-surface NA receptor GPR109A, which mediates the NA lipid-regulating activity, as well as the TRPV channels that have been reported to be downstream targets of NA (10, 13) , are involved in the cellular processes that we observed for NA in the present study. Secondly, a high dosage of NA is known to cause adverse effects (34) . Some of these effects, such as flushing, are mediated by GPR109A and TRPV channels, which may be involved in the antitumor activity of NA that we reported in the present study. Fortunately, these side-effects are not lifethreatening and may be acceptable for the treatment of highly deadly diseases such as malignant glioma. In conclusion, our data supports the potential application of NA as a therapy for malignant glioma, and further investigation is warranted into the effects of NA on other invasive tumors.
